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SEMICONDUCTOR DEVICE
MANUFACTURING METHOD

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the benefit of priority of each of
the following applications and describes the relationship of
the earlier applications. The present application is a Con-
tinuation application of and claims the benefit of priority
from U.S. application Ser. No. 14/447,881, filed Jul. 31,
2014. The present application is further based upon and
claims the benefit of priority from the prior Japanese Patent
Application Nos. 2013-159005, filed Jul. 31, 2013 and
2014-020626, filed Feb. 5, 2014. The entire contents of
foregoing applications are incorporated herein by reference.

FIELD OF THE INVENTION

An embodiment of the present invention relates to a
semiconductor device manufacturing method.

BACKGROUND OF THE INVENTION

As an example of a semiconductor device, there is known
a NAND-type flash memory device having a 3D structure.
In the manufacture of the NAND-type flash memory device
having a 3D structure, a multilayer film, which is formed by
stacking two layers having different dielectric constant alter-
nately, is etched to form a deep hole in the multilayer film.
Such etching is disclosed in U.S. Patent Application Publi-
cation No. 2013/0059450.

Specifically, referring to U.S. Patent Application publica-
tion No. 2013/0059450, the multilayer film is etched by
exposing a target object having an amorphous carbon mask
on the multilayer film to a plasma of a processing gas
including CH,F, gas, N, gas and NF; gas. Further, U.S.
Patent Application Publication No. 2013/0059450 discloses
a method for ramping down a pressure in a chamber during
etching.

In the case of forming a deep hole in an etching target film
by etching the multilayer film described above, the shape of
the mask needs to be maintained until the etching is com-
pleted. In other words, a mask selectivity is required. How-
ever, the shape of the mask may not be maintained against
the plasma of the processing gas disclosed in U.S. Patent
Application Publication No. 2013/0059450.

SUMMARY OF THE INVENTION

Accordingly, there is a need to improve a mask selectivity
in the case of etching for forming a shape such as a deep
hole.

In accordance with an aspect, there is provided a semi-
conductor device manufacturing method which includes the
steps of: (a) preparing, in a processing chamber of a plasma
processing apparatus, a target object including a multilayer
film and a mask formed on the multilayer film, the multi-
layer film being formed by alternately stacking a first and a
second dielectric film having different dielectric constant,
and (b) etching the multilayer film by supplying a processing
gas containing hydrogen gas, hydrogen bromide gas; nitro-
gen trifluoride gas and at least one of hydrocarbon gas,
fluorohydrocarbon gas and fluorocarbon gas into the pro-
cessing chamber of the plasma processing apparatus and
generating a plasma of the processing gas in the processing
chamber.
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The processing gas used in the step (b) of the manufac-
turing method particularly contains carbon and hydrogen.
The processing gas contains a relatively large amount of
hydrogen atoms. Therefore, a protective film containing
carbon and having a high hardness is formed on the surface
of'the mask during the etching in the step (b). As a result, the
shape of the mask can be maintained until the etching is
completed. In other words, the mask selectivity can be
improved in etching for forming a shape with a large depth
in the multilayer film.

The plasma processing apparatus may be a capacitively
coupled plasma processing apparatus. Further, in the step (b)
of etching the multilayer film, an RF power for plasma
generation may be applied to an upper electrode or a lower
electrode of the plasma processing apparatus, and an RF bias
power may be applied to the lower electrode of the plasma
processing apparatus. In addition, the first dielectric film
may be a silicon oxide film, and the second dielectric film
may be a silicon nitride film. The mask may be made of
amorphous carbon or an organic polymer.

The temperature of the target object may be changed
during the step (b). When the temperature of the target object
is low, the etching rate of the multilayer film is high and,
thus, a width of the shape with a large depth, e.g., a diameter
of a hole, formed in the multilayer film becomes large. On
the other hand, when a temperature of the target object is
high, the etching rate of the multilayer film is low but a thick
protective film can be formed. Therefore, it is possible to
form a shape, e.g., a hole, having a small width as a whole,
the width being gradually smaller toward the bottom in a
depth direction. Accordingly, a shape having a high verti-
cality and a small width can be formed by changing the
temperature of the target object during the step (b).

In the step (b), a temperature of the target object in a first
period may be set to be higher than a temperature of the
target object in a second period following the first period. In
other words, the temperature of the target object in the first
period of the step (b) may be set to a relatively high level,
and the temperature of the target objet in the second period
of'the step (b) may be set to a relatively low level. With such,
it is possible to form, in the first period, a shape having a
width that becomes gradually smaller toward the bottom in
the depth direction and also possible to form a thick pro-
tective film on a surface defining the shape. Further, the
width of the shape at the bottom can be increased in the
second period. Accordingly, it is possible to form a shape,
e.g., a hole, having a small width and a high verticality.

Alternatively, in the step (b), a temperature of the target
object in the first period may be set to be lower than a
temperature of the target object in the second period fol-
lowing the first period. In other words, the temperature of the
target object may be set to a relatively low level in the first
period of the step (b), and the temperature of the target
object may be set to a relatively high level in the second
period of the step (b). Accordingly, a high etching rate can
be ensured in the first period, and a shape, e.g., a hole, with
a small width, can be formed in the second period.

As described above, in accordance with the aspect of the
present invention, a mask selectivity can be improved in
etching for forming a shape with a large depth in the
multilayer film.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects and features of the present invention will
become apparent from the following description of embodi-
ments, given in conjunction with the accompanying draw-
ings, in which:
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FIG. 1 is a flowchart showing a semiconductor device
manufacturing method in accordance with an embodiment
of the present invention;

FIG. 2 shows an example of a wafer prepared in a step
ST1,

FIG. 3 schematically shows an example of a plasma
processing apparatus;

FIG. 4 shows in detail a valve group, a flow rate control
group and a gas source group shown in FIG. 3;

FIG. 5 shows a wafer etched in a step ST2;

FIGS. 6A to 6C are three graphs showing results of test
examples 2 and 3; and

FIGS. 7A and 7B are two graphs showing results of test
examples 4 and 5.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Hereinafter, embodiments of the present invention will be
described with reference to the accompanying drawings.
Meanwhile, like reference numerals will be used for like or
corresponding parts in all the drawings.

FIG. 1 is a flowchart showing a semiconductor device
manufacturing method in accordance with an embodiment
of the present invention. The semiconductor device manu-
facturing method MT shown in FIG. 1 includes steps ST1
and ST2 and may be used for manufacturing a NAND flash
memory having a 3D structure, for example. In the step ST1,
a target objet (hereinafter, referred to as “wafer”) W is
prepared. In the step ST2, a multilayer film of the wafer W
is etched.

FIG. 2 shows an example of a wafer prepared in the step
ST1. The water W shown in FIG. 2 includes a base layer UL,
a multilayer film IL, and a mask MSK. The base layer UL
may be a polycrystalline silicon layer formed on a substrate.
The multilayer film IL is formed on the base layer UL. The
multilayer film IL has a structure in which two dielectric
films IL.1 and IL.2 having different dielectric constants are
alternately stacked. In the present embodiment, the dielectric
film IL1 is a silicon oxide film, and the dielectric film 112
is a silicon nitride film. The dielectric film IL1 has a
thickness of, e.g., 5 nm to 50 nm. The dielectric film 1.2 has
a thickness of, e.g., 10 nm to 75 nm. The mask MSK is
formed on the multilayer film IL.. The mask MSK has a
pattern for forming a shape, such as a hole, with a large
depth on the multilayer film IL.. The mask MSK may be
made of, e.g., amorphous carbon or an organic polymer.

Referring back to FIG. 1, in the step ST1 of the method
MT, the wafer W is prepared in a processing chamber of a
plasma processing apparatus. In this example, the plasma
processing apparatus may be a capacitively coupled plasma
processing apparatus. Hereinafter, an example of the plasma
processing apparatus that can be used for implementing the
method MT will be described. FIG. 3 is a vertical cross
sectional view schematically showing a structure of the
example of the plasma processing apparatus.

A plasma processing apparatus 10 shown in FIG. 3, which
is a capacitively coupled plasma etching apparatus, includes
an approximately cylindrical processing chamber 12. The
processing chamber 12 has an inner wall surface made of
anodically oxidized aluminum. The processing chamber 12
is frame grounded.

An approximately cylindrical support member 14 made of
an insulating material is provided on the bottom portion of
the processing chamber 12. The support member 14 extends
vertically from the bottom portion of the processing cham-
ber 12 inside the processing chamber 12. The support
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member 14 supports a mounting table PD provided in the
processing chamber 12. Specifically, the support member 14
can support the mounting table PD on the inner wall surface
thereof, as shown in FIG. 3.

The wafer W is held on the top surface of the mounting
table PD. The mounting table PD may include a lower
electrode 16 and a support 18. The lower electrode 16 is
made of a metal, e.g., aluminum or the like, and has an
approximately disk shape. The support 18 is provided on the
top surface of the lower electrode 16.

The support 18 for supporting the wafer W includes a base
portion 18a and an electrostatic chuck 185. The base portion
184 is made of a metallic material, e.g., aluminum or the
like, and has an approximately disk shape. The base portion
18a is installed on the lower electrode 16 and electrically
connected to the lower electrode 16. The electrostatic chuck
185 is provided on the base portion 18a. The electrostatic
chuck 185 has a structure in which an electrode that is a
conductive film is embedded between a pair of insulating
layers or insulating sheets. A DC power supply 22 is
electrically connected to the electrode of the electrostatic
chuck 18b. The wafer W can be attracted and held on the
electrostatic chuck 185 by electrostatic force such as Cou-
lomb force or the like generated by a DC voltage from the
DC power supply 22.

A focus ring FR is provided on a peripheral portion of the
base portion 18a of the support 18 so as to surround the
periphery of the wafer W and the electrostatic chuck 185.
The focus ring FR is provided to improve etching unifor-
mity. The focus ring FR is made of a material appropriately
selected in accordance with a material of an etching target
film. For example, the focus ring RF is made of quartz.

A coolant path 24 is formed in the base portion 18a. The
coolant path 24 forms a temperature control unit in accor-
dance with an embodiment. A coolant of a predetermined
temperature is supplied from a chiller unit provided outside
through lines 26a and 265 and circulated in the coolant path
24. A temperature of the wafer W supported on the support
18 is controlled by controlling a temperature of the circu-
lating coolant.

Further, the plasma processing apparatus 10 includes a
gas supply line 28. The gas supply line 28 supplies a heat
transfer gas, e.g., He gas, from a heat transfer gas supply unit
to a gap between the top surface of the electrostatic chuck
18b and the backside of the wafer W.

Moreover, the plasma processing apparatus 10 includes an
upper electrode 30. The upper electrode 30 is provided
above the mounting table PD so as to face the mounting
table PD. The lower electrode 16 and the upper electrode 30
are provided in parallel. A processing space S for performing
plasma treatment on the wafer W is formed between the
upper electrode 30 and the lower electrode 16.

The upper electrode 30 is held at an upper portion of the
processing chamber 12 through an insulating shielding
member 32. The upper electrode 30 includes an electrode
plate 34 and an electrode holder 36. The electrode plate 34
faces the processing space S and has a plurality of gas
injection holes 34a. The electrode plate 34 may be made of
a low-resistance conductor or semiconductor of a low Joule
heat.

The electrode holder 36 for detachably holding the elec-
trode plate 34 may be made of a conductive material, e.g.,
aluminum or the like. The electrode holder 36 may have a
water cooling structure. A gas diffusion space 36a is pro-
vided inside the electrode holder 36. A plurality of gas holes
365 communicating with the gas injection holes 34a extend
downward from the gas diffusion space 36a. A gas inlet port
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36¢ for introducing a processing gas into the gas diffusion
space 36a is formed at the electrode holder 36. A gas supply
line 38 is connected to the gas inlet port 36¢.

A gas source group 40 is connected to the gas supply line
38 via a valve group 42 and a flow rate control group 44.
FIG. 4 shows in detail the valve group, the flow rate control
group and the gas source group shown in FIG. 3. As shown
in FIG. 4, the gas source group 40 has a plurality of (N
number of) gas sources 401 to 405. The gas sources 401 to
405 are respectively sources of H, gas, HBr gas, NF; gas,
CH,F, gas, and CH, gas. Meanwhile, the gas source 401
may be a source of any hydrogen gas. The gas source 403
may be a source of any fluorocarbon-based gas. The fluo-
rocarbon-based gas may be a fluorocarbon gas or a fluoro-
hydrocarbon gas. The fluorocarbon gas includes C,F gas,
C,F gas, and CF, gas. The fluorohydrocarbon gas includes
CH,F gas and CHF, gas in addition to CH,F, gas. The gas
source 404 may be a source of any hydrocarbon gas.

The flow rate control group 44 includes a plurality of (N
number of) flow rate controllers 441 to 445. The flow rate
controllers 441 to 445 control flow rates of gases supplied
from the gas sources. The flow rate controllers 441 to 445
may be mass flow controllers (MFC) or may be flow control
system (FCS). The valve group 42 includes a plurality of (N
number of) valves 421 to 425. The gas sources 401 to 405
are connected to the gas supply line 38 via the flow rate
controllers 441 to 445 and the valves 421 to 425, respec-
tively. The gases from the gas sources 401 to 405 reach the
gas diffusion space 36a through the gas supply line 38 and
are injected to the processing space S through the gas holes
365 and the gas injection holes 34a.

Referring back to FIG. 3, the processing apparatus 10 may
further include a ground conductor 12a. The ground con-
ductor 12a has an approximately cylindrical shape and
extends upward from the sidewall of the processing chamber
to a position higher than the height of the upper electrode 30.

In the plasma processing apparatus 10, a deposit shield 46
is detachably provided along the inner wall of the processing
chamber 12. The deposit shield 46 is also provided at an
outer periphery of the support 14. The deposit shield 46 for
preventing etching by-products (deposits) from being
adhered to the processing chamber 12 may be formed by
coating an aluminum material with ceramic such as Y,O; or
the like.

A gas exhaust plate 48 is provided between the support 14
and the inner wall of the processing chamber 12 at the
bottom portion of the processing chamber 12. The gas
exhaust plate 48 may be formed by coating an aluminum
material with ceramic such as Y,O; or the like. The pro-
cessing chamber 12 has a gas exhaust port 12¢ opened below
the gas exhaust plate 48. A gas exhaust unit 50 is connected
to the gas exhaust port 12e through a gas exhaust line 52.
The gas exhaust unit 50 has a vacuum pump such as a turbo
molecular pump or the like, so that a pressure in the
processing chamber 12 can be decreased to a desired
vacuum level. A loading/unloading port 12g for the wafer W
is provided on a sidewall of the processing chamber 12. The
loading/unloading port 12g is opened/closed by a gate valve
54.

A conductive member (GND block) 56 is provided on the
inner wall of the processing chamber 12. The conductive
member 56 is attached to the inner wall of the processing
chamber 12 so as to be positioned at the substantially same
height as the wafer W. The conductive member 56 is
DC-connected to the ground, so that abnormal discharge can
be prevented. Meanwhile, the conductive member 56 may
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be provided at a plasma generation region, and the instal-
lation position thereof is not limited to that shown in FIG. 3.

Further, the plasma processing apparatus 10 includes a
first and a second RF (Radio Frequency) power supply 62
and 64. The first RF power supply 62 generates first RF
power for plasma generation having a frequency of 27 MHz
to 100 MHz, e.g., 100 MHz. The first RF power supply 62
is connected to the lower electrode 16 via a matching unit
66. The matching unit 66 is a circuit for matching an output
impedance of the first RF power supply 62 with an input
impedance of a load side (the lower electrode 16 side).
Meanwhile, the first RF power supply 62 may be connected
to the upper electrode 30 via the matching unit 66.

The second RF power supply 64 generates a second RF
power for ion attraction to the wafer W, i.e., a RF bias power,
having a frequency of 400 kHz to 13.56 MHz, e.g., 400 kHz.
The second RF power supply 64 is connected to the lower
electrode 16 via a matching unit 68. The matching unit 68 is
a circuit for matching an output impedance of the second RF
power supply 64 with an input impedance of a load side (the
lower electrode 16 side).

Moreover, the plasma processing apparatus 10 includes a
DC power supply unit 70. The DC power supply unit 70 is
connected to the upper electrode 30. The DC power supply
unit 70 can generate a negative DC voltage and apply the DC
voltage to the upper electrode 30.

In the present embodiment, the plasma processing appa-
ratus 10 may further include a control unit Cnt. The control
unit Cnt is a computer including a processor, a storage unit,
an input device, a display device and the like, and controls
the respective units of the plasma processing apparatus 10.
The control unit Cnt can allow an operator to input com-
mands or the like to manage the plasma processing appara-
tus 10 by using the input device and visualize an operation
state of the plasma processing apparatus 10 on the display
unit. Further, the storage unit of the control unit Cnt stores
therein a control program for controlling various processes
performed in the plasma processing apparatus 10 by the
processor or a program, i.e., a processing recipe, for per-
forming processes in the respective units of the plasma
processing apparatus 10 in accordance with processing
conditions.

Specifically, the control unit Cnt transmits control signals
to the flow rate controllers 441 to 445, the valves 421 to 425
and the gas exhaust unit 50, and performs control such that
the processing gas is supplied into the processing chamber
12 during the etching of the step ST2 and a pressure in the
processing chamber 12 becomes a set level.

In the present embodiment, the control unit Cnt can
transmit signals for controlling the first and the second RF
power supply 62 and 64 to supply RF powers to the
electrode 16 while switching ON and OFF of the RF powers
in a pulse manner. Further, the control unit Cnt can transmit
a signal for controlling the DC power supply 70 to apply,
during an RF-power-off period, a negative DC voltage
having an absolute value greater than that in an RF-power-
on period to the upper electrode 30. Meanwhile, the
ON/OFF frequency of the RE power of each of the first and
the second RF power supply 62 and 64 is, e.g., 1 kHz to 40
kHz. Here, one cycle of the ON/OFF frequency of the RF
power includes the RF-power-on period and the RF-power-
off period of each of the first and the second RF power
supply 62 and 64. A duty ratio of the RF-power-on period in
one cycle is, e.g., 50% to 90%. The switching of the DC
voltage of the DC power supply may be synchronized with
the ON-OFF switching of the RF powers of the first RF
power supply 62 and the second RF power supply 64.



US 9,449,838 B2

7

Referring back to FIG. 1, the method MT will be further
described. In the step ST1, the wafer W transferred into the
processing chamber 12 is mounted on the mounting table PD
and attracted and held thereon by the electrostatic chuck
18b. Next, the step ST2 is executed.

In the step ST2, the multilayer film IL is etched. There-
fore, in the step ST2, the processing gas from the gas source
group 40 is supplied into the processing chamber 12, and a
pressure in the processing chamber is set to a predetermined
level. The processing gas includes hydrogen gas, HBr gas
and NF; gas, and further includes at least one of hydrocar-
bon gas, fluorohydrocarbon gas and fluorocarbon gas. For
example, the processing gas includes H, gas, HBr gas, NF,
gas, CH, gas, and CH,F, gas. Further, in the step ST2, the
RF power from the first and the second RF power supply 62
and 64 are applied to the lower electrode 16. Various
conditions in the step ST2 are set as follows, for example.

H, gas flow rate: 50 to 300 sccm

HBr gas flow rate: 5 to 50 sccm

NH; gas flow rate: 50 to 100 sccm

CH,, gas flow rate: 5 to 50 sccm

CH,F, gas flow rate: 40 to 80 sccm

Frequency of RF power of first RF power supply 62: 27

to 100 MHz

RF power of first RF power supply 62: 500 to 2700 W

Frequency of RF power of second RF power supply 64:

0.4 to 13 MHz
RF power of second RF power supply 64: 1000 to 4000
Pressure in processing chamber 12: 2.66 to 13.3 Pa (20 to
100 mT)

In the present embodiment, ON and OFF of the RF
powers of the first and the second RF power supply 62 and
64 may be switched in a pulse manner. As described above,
the absolute value of the DC voltage applied to the upper
electrode 30 may be switched in synchronization with the
ON-OFF switching of the RF powers of the first and the
second RF power supply 62 and 64. In this case, when the
RF power is ON, a plasma is generated. When the RF power
is OFF, a plasma directly above the wafer W is extinguished.
Further, when the RF power is OFF, positive ions are
attracted to the upper electrode 30 by the negative DC
voltage applied to the upper electrode 30. Accordingly,
secondary electrons are emitted from the upper electrode 30.
The emitted secondary electrons modify the mask MSK and
improve etching resistance of the mask MSK. The secondary
electrons neutralize a charged state of the wafer W. As a
result, in etching to be performed later, straightness of ions
moving into the hole formed in the multilayer film IL is
increased. Meanwhile, conditions for switching ON and
OFF of the RF powers of the first and the second RF power
supply 62 and 64 and conditions of the negative DC voltage
applied to the upper electrode 30 are as follows, for example.

ON/OFF frequency of RF power: 1 to 40 kHz

ON duty ratio of RF power during one cycle: 50 to 90%

Absolute value of negative DC voltage in RF-power-on

period: 150 to 500 V
Absolute value of negative DC voltage in RF-power-off
period: 350 to 1000 V

In the step ST2, a plasma of a processing gas is generated
in the processing chamber 12. In other words, active species
of fluorine, active species of hydrogen and active species of
bromide are generated. As shown in FIG. 5, the multilayer
film IL is etched below the opening of the mask MSK by the
active species. Further, in the step ST2, a protective film PF
containing carbon in the processing gas is attached to the
surface of the mask MSK. Since the processing gas used in
the step ST2 contains a hydrogen-containing gas such as
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hydrogen gas, HBr gas or the like, the processing gas has a
relatively large amount of hydrogen atoms. Accordingly, the
protective film PF is modified by the active species of
hydrogen, and the hardness of the protective film PF is
increased. As a result, the shape of the mask can be main-
tained until the etching in the step ST2 is completed. In other
words, the mask selectivity can be improved in etching for
forming a deep hole in the multilayer film IL.

Further, the plasma of the processing gas contains a
relatively large amount of active species of hydrogen. Thus,
when the dielectric film IL2 is a silicon nitride film, the
etching rate of the dielectric film IL.2 is increased. As a
result, the etching rate of the multilayer film IL is increased.

Furthermore, the plasma of the processing gas contains
active species of bromide, so that a film of etching by-
products such as SiBrO or the like is formed on the surface
defining the hole formed in the multilayer film IL.. Accord-
ingly, the surface defining the hole formed in the multilayer
film IL becomes smooth.

In the present embodiment, the temperature of the wafer
W may be changed during the period of the step ST2. When
the temperature of the wafer W is low, the etching rate of the
multilayer film IL is increased and, thus, the width of the
shape formed in the multilayer film, e.g., the diameter of the
hole, is increased. On the other hand, when the temperature
of the target object is high, the etching rate of the multilayer
film is decreased. However, a thick protective film can be
formed. Therefore, a shape having a small width as a whole
can be formed, the width being gradually smaller toward a
deep portion in a depth direction. Accordingly, it is possible
to form a shape, e.g., a hole, having a high verticality and a
small width, by changing the temperature of the wafer W
during the step (b).

In the step ST2 of a specific example, the temperature of
the wafer W in a first period is set to be higher than the
temperature of the wafer W in a second period following the
first period. In other words, the temperature of the target
object is set to a relatively high level in the first period of the
step ST2, and the temperature of the target object is setto a
relatively low level in the second period of the step ST2. For
example, the first period is from the start of the step ST2 to
an intermediate point of the step ST2, and the second period
is from the intermediate point to the end of the step ST2. The
temperature of the wafer W in the first period is, e.g., 30° C.,
and the temperature of the wafer W in the second period is,
e.g., 10° C. In the first period of the step ST2, it is possible
to form a shape having a width that becomes gradually
smaller toward a bottom in a depth direction and also
possible to form a thick protective film on the surface
defining the shape such as a hole or the like. Further, in the
second period, the width of the shape at the bottom can be
increased. Accordingly, a shape, e.g., a hole, having a small
width and a high verticality, can be formed.

In the step ST2 of another specific example, the tempera-
ture of the wafer W in the first period is set to be lower than
the temperature of the wafer W in the second period fol-
lowing the first period. In other words, the temperature of the
target object is set to a relatively low level in the first period
of the step ST2, and the temperature of the target object is
set to a relatively high level in the second period of the step
ST2. For example, the temperature of the wafer W in the first
period is 10° C., and the temperature of the wafer W in the
second period is 30° C. In the step ST2, a high etching rate
can be ensured in the first period, and a shape, e.g., a hole,
having a small width, can be formed in the second period.

Here, a test example 1 and a comparative example using
the plasma processing apparatus 10 will be described. In the
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test example 1 and the comparative example, there was used
a wafer having 12 layers of silicon oxide films and 12 layers
of silicon nitride films, a multilayer film IL. having a total
thickness of 2400 nm, and a hole penetrating through the
multilayer film IL. In the test example 1, etching was
performed by using a processing gas containing H, gas, HBr
gas, NF; gas, CH,F, gas, and CH, gas. Meanwhile, in the
comparative example, etching was performed by using a
processing gas containing C,F, gas, C,Fy gas, CH,F, gas,
and Ar gas.

As a result, the mask selectivity was 12.6 in the test
example 1 and 4.8 in the comparative example. Here, the
mask selectivity is a ratio of an etching rate of the multilayer
film to an etching rate of the mask. As the mask selectivity
is increased, damages inflicted on the mask are decreased,
i.e., the shape of the mask is maintained. Further, the etching
rate of the multilayer film was 400 nm/min in the test
example 1 and 175 nm/min in the comparative example. The
results of the test example 1 and the comparative example
show that the mask selectivity and the etching rate of the
multilayer film are increased by the method MT.

Hereinafter, test examples 2 and 3 using the plasma
processing apparatus 10 will be described. In the test
example 2, a wafer of the same type as that used in the test
example 1 was etched while setting the frequency of the first
RF power to 100 MHz and the frequency of the second RF
power to 400 kHz. In the test example 3, a wafer of the same
type as that used in the test example 1 was etched while
setting the frequency of the first RF power to 60 MHz and
the frequency of the second RF power to 400 kHz. The other
etching conditions in the test examples 2 and 3 were the
same as those in the test example 1.

In the test examples 2 and 3, a width of the bottom of a
hole formed by etching, a width of the top of the hole, and
a ratio of the width of the bottom to the width of the top of
the hole were obtained, and the results are shown in FIGS.
6A to 6C. FIG. 6A shows the width, i.e., “Top CD’, of the
top of the hole formed by the etching in the test examples 2
and 3. FIG. 6B shows the width, i.e., ‘Bottom CD’ of the
bottom of the hole formed by the etching in the test
examples 2 and 3. FIG. 6C shows the ratio, i.e., ‘B/T Ratio’,
of the width of the bottom to the width of the top of the hole
formed by the etching in the test examples 2 and 3. As shown
in FIG. 6A, the width of the top of the hole was smaller in
the test example 2, i.e., in the case where the frequency of
the first RF power was set to 100 MHz, than in the test
example 3, i.e., in the case where the frequency of the first
RF power was set to 60 MHz. As shown in FIG. 6B, the
width of the bottom of the hole was greater in the case where
the frequency of the first RF power was set to 100 MHz than
in the case where the frequency of the first RF power was set
to 60 MHz. As shown in FIG. 6C, the ratio of the width of
the bottom to the width of the top of the hole was close to
100% in the case where the frequency of the first RF power
was set to 100 MHz than in the case where the frequency of
the first RF power was set to 60 MHz. From this, it is clear
that a hole having a high verticality, i.e., a hole having small
variation in a width in a depth direction, can be formed by
setting the frequency of the first RF power to a level close
to 100 MHz. The reason that the hole having high a
vertically is formed by setting the frequency of the first RF
power to a level close to 100 MHz is as follows. As the
frequency of the first RF power is increased, the plasma
density is increased, and this leads to increase in the amount
of the protective film and the amount of active species
contributing to the etching. As a result, the increase in the
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width of the top of the hole is suppressed, and the formation
of the deep hole is facilitated.

Hereinafter, test examples 4 and 5 using the plasma
processing apparatus 10 will be described. In the test
example 4, a wafer of the same type as that used in the test
example 1 was etched while setting the frequency of the first
RE power to 100 MHz and the frequency of the second RF
power to 400 kHz. In the test example 5, a wafer of the same
type as that used in the test example 1 was etched while
setting the frequency of the first RF power to 100 MHz and
the frequency of the second RF power to 3.2 MHz. The other
conditions in the test examples 4 and 5 are the same as those
of the etching in the test example 1. Meanwhile, in the test
example 4, the etching was performed three times while
setting the first RF power, i.e., ‘HF’, to 500 W, 1250 W, and
2000 W. In the test example 5, the etching was performed
three times while setting ‘HF” to 500 W, 1500 W, and 2000
W.

In the test examples 4 and 5, etching rates were obtained,
and the results are shown in FIGS. 7A and 7B. FIG. 7A is
a graph showing the etching rate obtained in the test example
4. FIG. 7B is a graph showing the etching rate obtained in
the test example 5. In the graphs of FIGS. 7A and 7B, the
horizontal axis represents a diametrical position on a wafer,
and ‘0’ is the central position of the wafer. Further, in the
graphs of FIGS. 7A and 7B, the vertical axis represents an
etching rate. As shown in FIG. 7B, in the test example 5 in
which the frequency of the second RF power was set to 3.2
MHz, the etching rate tended to be increased locally near the
center of the wafer. Meanwhile, in the test example 4 in
which the frequency of the second RF power was set to 400
kHz, the etching uniformity in the diametrical direction of
the wafer was improved. From this, it is clear that the
in-plane uniformity of the etching rate can be improved by
setting the frequency of the second RF power to a level close
to 400 kHz.

Although the embodiments of the present invention have
been described, the present invention may be various modi-
fied without being limited to the above embodiments. For
example, the plasma processing apparatus is not limited to
a capacitively coupled plasma processing apparatus, and
may be an inductively coupled plasma processing apparatus
or a plasma processing apparatus for generating a plasma by
introducing a microwave into a processing chamber through
a waveguide and an antenna.

While the invention has been shown and described with
respect to the embodiments, it will be understood by those
skilled in the art that various changes and modifications may
be made without departing from the scope of the invention
as defined in the following claims.

What is claimed is:

1. A semiconductor device manufacturing method com-
prising:

preparing, in a processing chamber of a plasma process-

ing apparatus, a target object including a multilayer
film and a mask formed on the multilayer film, the
multilayer film being formed by alternately stacking a
silicon oxide film and a silicon nitride film;

etching the silicon oxide film and the silicon nitride film

in the multilayer film by supplying a processing gas
containing hydrogen gas, nitrogen trifluoride gas and at
least one of hydrocarbon gas and fluorohydrocarbon
gas into the processing chamber of the plasma process-
ing apparatus and generating a plasma of the processing
gas in the processing chamber.

2. The semiconductor device manufacturing method of
claim 1, wherein the plasma processing apparatus is a
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capacitively coupled plasma processing apparatus; and in
said etching the multilayer film, an RF power for plasma
generation is applied to an upper electrode or a lower
electrode of the plasma processing apparatus, and an RF bias
power is applied to the lower electrode of the plasma
processing apparatus.

3. The semiconductor device manufacturing method of
claim 1, wherein the fluorohydrocarbon gas is CH,F, gas,
CH,F gas or CHF; gas.

4. The semiconductor device manufacturing method of
claim 1, wherein the hydrocarbon gas is CH,, gas.

5. The semiconductor device manufacturing method of
claim 1, wherein the mask is made of amorphous carbon.

6. The semiconductor device manufacturing method of
claim 1, wherein a temperature of the target object is
changed during said etching the multilayer film.

7. The semiconductor device manufacturing method of
claim 6, wherein in said etching the multilayer film, a
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temperature of the target object in a first period is set to be
higher than a temperature of the target object in a second
period following the first period.

8. The semiconductor device manufacturing method of
claim 6, wherein in said etching the multilayer film, a
temperature of the target object in a first period is set to be
lower than a temperature of the target object in a second
period following the first period.

9. The semiconductor device manufacturing method of
claim 1, wherein the etching the silicon oxide film and the
silicon nitride film is carried out selective to the mask.

10. The semiconductor device manufacturing method of
claim 9, wherein the mask is made of amorphous carbon.

11. The semiconductor device manufacturing method of
claim 1, wherein the silicon oxide film and the silicon nitride
film in the multilayer film are alternately stacked a plurality
of times.



